High performance native-oxide-confined high-index-contrast ͑HIC͒ ridge waveguide ͑RWG͒ diode lasers are fabricated in a strain-compensated In 0.4 Ga 0.6 As single quantum well structure by employing a deep dry etch plus nonselective O 2 -enhanced wet thermal oxidation process. The thermal native oxide grown on the etch-exposed RWG sidewalls of the Al 0.74 Ga 0.26 As waveguide cladding layers and GaAs core with GaAsP-InGaAs quantum well provides both strong optical and electrical confinements for the active region. Due to a smoothing of sidewall roughness by the O 2 -enhanced oxidation, the lasers exhibit a low internal loss in ␣ i = 7.2 cm −1 for a w = 7.2 m narrow stripe HIC RWG structure, only 53% larger than that of w = 87.2 m broad-area devices, enabling their room temperature operation at a low 300 A / cm 2 threshold current density. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3001587͔
In this letter, we demonstrate the application of this nonselective oxidation process 5 to an Al-free In 0.4 Ga 0. 6 As QWH with GaAs 0.85 P 0.15 strain-compensation layers and a GaAs waveguide core. While we have previously reported the oxidation of an Al-free InGaAsN/GaAsP active region within a GaAs waveguide, 6 the results in the present work further confirm the capability of nonselective oxidation in forming native oxides on various Al-free III-As compound semiconductors ͑i.e., InGaAs, GaAs, and GaAsP͒. This is because the dimethylhydrazine ͑DMHy͒ source used for N incorporation during InGaAsN growth is not used here and thus the possible interaction between DMHy and Al in the metal-organic chemical vapor deposition ͑MOCVD͒ reactor, which may have previously led to Al incorporation into these oxidized layers, is therefore eliminated in this work. We also present sidewall oxidation depth versus time data at various positions in the heterostructure to show the role of vertical oxidation from heterointerfaces in achieving a relatively uniform oxide thickness up and down the ridge sidewall. Finally, HIC RWG lasers are demonstrated with low threshold current densities ͑82.6 A / cm 2 Ͻ J th Ͻ 287.3 A / cm 2 ͒, high current injection efficiency ͑88.6% Ͼ i Ͼ 77.4%͒, and low internal loss ͑4.7 cm −1 Ͻ ␣ i Ͻ 7.2 cm −1 ͒ over all broadarea and narrow-stripe devices with a width range of 147 m Ͼ w Ͼ 7.2 m, respectively. The narrowest lasers in this work show a five to sixfold improvement in output power and threshold current density over the InGaAsN QWH lasers in Ref. 6 , demonstrating that very high-performance devices can be realized by this process. Kink-free operation with the absence of thermal roll over is observed for unbonded, p-side up devices at injection currents up to 27.6ϫ and 10.3ϫ threshold in pulsed ͑10 kHz͒ and fast-dc modes, respectively.
The laser QWH in this work ͑Fig. 1 insert͒ is grown by low-pressure MOCVD as in Ref. The nonselective oxidation 5 of the InGaAs SQW active region and GaAs waveguide layer is first studied on wetetched ridges. The scanning electron microscope ͑SEM͒ image in Fig 1͒ and at 55 min ͑Fig. 2 inset͒, we observe the formation of an anisotropic "spike" in the oxidation front at the GaAs WG core/p-AlGaAs cladding interface, growing exponentially with time. This effect has been attributed to an anodic charging effect due to blackbody radiation-induced photogeneration of electron-hole pairs, separated by the built-in field of the p-n heterojunction. 8 Vertical oxidation subsequently proceeds isotropically from the porous native oxide spike forming at the interface, resulting in an effective enhancement in the lateral oxidation rate of the adjoining material, which lessens at increased distance from the interface. The oxidation spike at the top interface between the upper p-AlGaAs cladding and the p + -GaAs cap may also be explained by the anodic charging effect, 8 with carriers separated by the built-in field existing due to heterointerface band realignment. Figure 2͑c͒ shows that the oxide growth is most rapid at the GaAs/ p-AlGaAs interface, and subsequently enhances the apparent lateral oxidation rate at both ͑a͒ the InGaAs QW active region and ͑b͒ the middle of the upper AlGaAs cladding. Due to its closer vicinity to the GaAs/ p-AlGaAs interface, the oxide thickness at the InGaAs active region exceeds that at the p-AlGaAs cladding center after 51.2 min according to the crossing point of exponential fits to the data in Fig.  2 . The above mechanism clearly plays an important role in making O 2 -enhanced oxidation of heterostructures 5 effectively "nonselective" so that a relatively uniform thickness oxide can be grown on the RWG sidewall.
Deeply etched HIC RWG laser diodes with mask stripe widths w varying from 10 to 150 m are fabricated using Cl-based reactive ion etching as in Ref. 6 in order to achieve better dimensional control. After a 1 h nonselective wet oxidation with the addition of 7000 ppm O 2 , a 1.4 m thick native oxide is formed at the QW active region ͓Fig. 2͑a͔͒. All devices are unbonded ͑i.e., with no heatsinking employed͒ and are probe tested p-side up in pulsed ͑1 s and 1% duty cycle͒, fast-dc ͑typically 0.4 s dc sweep͒, and continuous-wave ͑CW͒ modes at 300 K. Figure 3 shows the pulsed, 300 K J th versus w for a set of HIC RWG lasers from the same L = 981.8 m bar. Notably, J th at w = 7.2 m is just 3.5ϫ higher than that of a w = 147.2 m broad-area device, indicating excellent electrical and optical confinements, with low nonradiative recombination even with a III-V native oxide grown in direct contact with the active region. Conventional w =5 m weak-index-contrast RWG lasers, in which a shallow etch stops above the active region in the upper cladding layer, show a 2.3ϫ higher J th than oxideconfined HIC devices due to severe lateral current spreading. 6 Despite possible nonradiative current leakage at the oxide-semiconductor interface, the HIC RWG structure results in the best overall narrow stripe laser performance because of its strong optical and electrical confinement.
The left inset of threshold and only slight thermal rollover͒. The close proximity of the active region and the Ti+ Au metalized oxidized ridge sidewalls provides excellent heat dissipation for these unbonded lasers. Operation at higher injection levels was avoided to protect the uncoated device facets. The uniform distribution of injected carriers in the HIC RWG structure, where current spreading is eliminated, leads to the uniform simultaneous excitation of all supported waveguide modes regardless of the stripe width, suppressing mode competition and resulting in clean kink-free operation to high drive currents. The log scale output spectrum ͑right inset in Fig. 3͒ for a w = 7.2 m device measured at 53 mA CW shows a peak emission wavelength of 1.1507 m. Further investigation is needed to understand the origin of the observed single longitudinal mode operation with high side-mode suppression ratio ͑SMSR͒ of 31.7 dB, unusual for a Fabry-Pérot resonator, and to fully characterize output beam and spectral properties for heatsunk lasers under CW conditions. Single spatial mode operation of up to 40 mW CW has been reported elsewhere for similar unbonded 808 nm HIC RWG lasers. 4 The device internal loss ␣ i and internal ͑injection͒ efficiency i are extracted from a linear regression fitting of the inverse external quantum efficiency versus cavity length data for 3-5 cavity lengths at each width. Figure 4 shows the ␣ i and i versus laser aperture size w, where ␣ i, Յ 7.3 cm −1 and i Ͼ 77.4% is achieved on all devices. While increased nonradiative sidewall recombination can reduce i if the carrier density outside the QW active region remains unclamped above threshold, 9 the decrease in i as w decreases is not necessarily indicative of such. Rather, the inverse relationship between the ␣ i and i versus w data may suggest a reduced efficiency in the injection and collection of carriers by the QW as the higher ␣ i requires higher gains and, thus, higher carrier densities. At these higher pumping levels, the scattering of higher-energy carriers into the well becomes less efficient and/or carriers may overflow into other higherenergy leakage paths. The HIC waveguide scattering loss increases exponentially with the reduction in w due to strong field interactions with the etched + oxidized sidewall roughness. 10 In these lasers, absorption of the field by the electrode metals deposited on top of the native oxide is considered negligible as the 1.4 m oxide thickness is Ͼ23 times thicker than the simulated 1 / e skin depth of ϳ60 nm for the evanescent field within the oxide. One of the most significant benefits of the HIC RWG process utilized here is the concomitant sidewall roughness smoothing provided by the oxygen-enhanced wet thermal oxidation process. 11, 12 Though the total laser loss is comprised not only of sidewall scattering, but also free carrier absorption, interface scattering, and other losses, the increase in loss here from ␣ i = 4.7 to only 7.2 cm −1 ͑just ϳ53%͒ when scaling the ridge width from w = 87.2 to 7.2 m is notable. This result suggests that the oxidation smoothing of the dry-etched sidewall ͑defined via nonoptimized contact lithography as in Refs. 11 and 12͒ indeed substantially reduces the impact of sidewall scattering in the total waveguide loss and contributes to the high performance of these lasers.
We have demonstrated that the oxidation of Al-free In 0.4 Ga 0.6 As QW, GaAsP barrier, and GaAs waveguide layers can be achieved through a modified O 2 -enhanced wet thermal process. Apparent anodic charging-enhanced oxidation at nearby heterojunctions and interfaces is shown to impact the nonselectivity of heterostructure sidewall oxidation and corresponding ability to grow a relatively uniform oxide film. The resulting high-quality native oxide enables the realization of high-performance = 1.15 m HIC RWG lasers with low threshold current density, low internal loss, high efficiency, a large SMSR, and kink-free operation to high output powers.
